A new method for controlling the photoluminescence (PL) wavelength of silica-coated quantum dots (QDs) without changing the sizes of the core QDs is reported. When silica-coated green-emitting CdTe QDs were refluxed in aqueous solution containing Cd 2+ and a sulfur-containing surfactant (thioglycolic acid (TGA)), the PL peak wavelength shifted to red with a significant increase in PL efficiency. This spectral shift was attributed to the reduction of the quantum confinement effect by the formation of small CdS-like clusters very close to the QDs in the silica shells. When the silica-coated QDs were refluxed in a solution of higher pH, the extent of this red shift increased. The larger red shift of the PL with pH is attributed to the hydrolysis speed of TGA increasing with pH. There is faster generation of S 2-and as a consequence the growth rate of CdS-like clusters is enhanced. When a different sulfur-containing surfactant (thioglycerol (TG)) was used for reflux, the PL spectral shift and enhancement of PL efficiency became very small. This was because TG did not hydrolyze significantly enough to release S 2-. These results demonstrate that the reported reflux procedure is a promising method for tuning the PL color of QDs through selection of the solution pH and the surfactant during reflux.
Introduction
Semiconductor quantum dots (QDs) have attracted increasing attention as novel bright phosphors for various applications including biological tagging, light-emitting devices, and detectors. These QDs have many advantages, such as size-tunable and composition-dependent photoluminescence (PL) wavelength, and chemical and photochemical stability [1] [2] [3] .
Bright PL is obtained when the surface defects of the QDs are passivated by capping with surfactant molecules or other higher band gap materials. Such strongly emitting QDs are prepared in organic [4] and aqueous solutions [5] . We have prepared CdTe QDs with high PL efficiency in aqueous solution by optimizing the amount of thioglycolic acid (TGA) during preparation [6] .
Coating the QDs with transparent silica is effective for increasing the robustness of the QDs. We have developed a technique to incorporate CdTe QDs into small silica beads retaining high PL efficiency using sol-gel and reverse micelle methods [7] . Such PL-emitting silica beads have great potential for biological tagging because various functional groups can be introduced on the surfaces of the beads. We have also developed a method to form a void inside such QD-incorporating silica beads by modifying the bead-preparation procedure [8] . Other functional materials (such as magnetic nanoparticles) will be introduced into the void to prepare beads having multiple functions.
Furthermore, we have recently developed a technique to tune the PL color of the silica-coated QDs by heat treatment without changing the sizes of the core QDs. When previously prepared silica-coated green-emitting CdTe QDs are refluxed in aqueous solution containing Cd 2+ and TGA, the PL peak wavelength shifts to red with some increase of PL efficiency. The observed PL spectral change is attributed to the quantum confinement effect being reduced by the formation of small clusters very close to the QDs in the silica shells, without changes in the sizes of the core QDs [9] . This result suggests that the PL wavelengths of the QDs may be controlled by altering the reflux conditions. This paper reports the pH dependence of this red shift and the PL spectral change achieved using the sulfur-containing surfactants TGA and thioglycerol (TG).
Experimental
Green-emitting CdTe QDs (diameter~2.6 nm) were prepared in aqueous solution by using a previously reported method [6] . For the present study silica-coated CdTe QDs were prepared by forming thin silica shells (~0.6-nm thick) on the CdTe QDs by using a sol-gel technique [7] . The silica-coated CdTe QDs were then refluxed for 2 h in aqueous solution containing Cd 2+ and a sulfur-containing surfactant (TGA or TG). The Cd 2+ :TGA (or TG) molar ratio of the solution was adjusted to 1:4, with a TGA (or TG) concentration of 0.01 M. When TGA was used, three different solutions with pH 8.8, 9.2, and 10.0, respectively, were refluxed. When TG was used, the pH of the solution was adjusted to~9. The PL and absorption spectra of samples before and after reflux were measured in a quartz cuvette using conventional spectrometers (Hitachi F-4500 and U-4000). The PL efficiencies of the samples were estimated through comparison with that of quinine sulfate (55%) in 0.05-M H 2 SO 4 .
Results and Discussion

PL spectral change of silica-coated CdTe QDs by reflux in TGA-containing solution at various pHs
The absorption and PL spectra, respectively, of the silica-coated CdTe QDs before and after reflux for 2 h at different pHs are shown in Figs. 1 and 2 . Those of the initial colloidal solution of green-emitting CdTe QDs are also shown for comparison. The initial colloidal solution and silica-coated QDs before reflux showed PL in the green region (Fig. 2 , PL peaks: 551 and 545 nm, respectively).
After reflux for 2 h at pH 8.8, 9.2, and 10.0, the PL color shifted to red (PL peaks: 610, 619, and 649 nm, respectively). This indicates that the reflux-induced red shift of the PL increases with pH. This red shift was attributed to the formation of CdS-like clusters in the silica shells around the core QDs. When there are clusters in the thin silica shells around the QDs, the probability distribution of electrons extends from the QDs into the clusters through the tunneling effect. This extension of electron distribution reduces the quantum confinement effect and results in a red shift of PL [9] . The absorption at wavelengths shorter than~400 nm increased with increasing pH, as shown in Fig. 1 . This supports the assertion that cluster formation is enhanced at higher pHs. The observed pH dependence can be explained by the fact that the hydrolysis of TGA is enhanced at higher pHs. The larger amount of S 2-reacts with Cd 2+ and enhances the growth speed of CdS-like clusters in the silica shell. When the pH values were 8.8 and 9.2, PL efficiency increased (55 and 58%, respectively) and the PL spectral width (fullwidth at half-maximum (FWHM)) narrowed (45 and 49 nm, respectively) compared with the silica-coated QDs before reflux (PL efficiency: 35%; FWHM: 50 nm). The observed enhancement of PL efficiency and narrowing of the PL spectrum is considered to be due to a passivation effect by the CdS-like clusters. Formation of a wide band gap semiconductor shell on a QD is known to increase PL efficiency. A similar enhancing effect is expected when QDs are surrounded by CdS-like clusters. In the case of direct formation of semiconductor shells on QDs, lattice constant mismatch generates lattice defects when the shells become thick. In contrast, in the present case, lattice mismatch does not occur because the clusters are not chemically bonded to the QD surface. This explains the observed narrowing of the PL spectra [9] . When the sample was refluxed at pH 10.0, the behavior was reversed. The PL efficiency decreased slightly to 4% rather than increased and the FWHM of PL increased to 67 nm rather than decreased. In this condition, there is a possibility that a chemical bond is formed between quickly grown large clusters and QDs. Such a chemical bond causes lattice constant mismatch, decrease in PL efficiency, and increase in PL spectral width. This study, thus, has provided the optimum reflux conditions to maximize PL efficiency and minimize the PL spectral width.
PL spectral change of silica-coated CdTe QDs by reflux in TG-containing solution
Silica-coated CdTe QDs showed a red shift of PL and increase of PL efficiency after being refluxed in a TG-containing solution, even though the spectral change was significantly smaller than that shown when reflux was conducted in a TGAcontaining solution. After reflux for 2 h, the PL peak of the silica-coated QDs showed a red shift from 547 to 558 nm with a PL efficiency increase from 15 to 25%. The PL spectral width slightly narrowed from 55 to 52 nm. In the case of the TG-containing solution, only a small amount of initial TG on the surfaces of the QDs decomposed and released S 2-because TG does not decompose enough to release significant amount of S 2-. Without this S 2-, clusters do not form. This supports the explanation that cluster formation led to the observed red shift in the PL of the refluxed sample in the TGA solution.
In summary, we have demonstrated that the PL color and efficiency of silica-coated QDs can be controlled by postpreparative reflux. The reflux solution pH and the selected surfactant affect this reflux-induced spectral change. 
